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Eldrich Norwin Chua, M.Sc., M.P.H., Man Yi Yeung, M.Sc., Sai Chuen Fu, Ph.D.,
Patrick Shu Hang Yung, M.D., Yu Zhang, M.D., Hua Feng, M.D., and
Kai Ming Chan, M.Ch. (Orth), F.R.C.S.Purpose: To examine the different motion tasks and the protocols used to objectively quantify dynamic stability in terms
of knee kinematics at different stages of anterior cruciate ligament reconstruction (ACLR) recovery. Methods: A sys-
tematic search was done using OVID in Embase, Cochrane Central Register of Controlled Trials, Medline, PsychINFO, and
AMED. A combination of the following keywords and their variations were used: anterior cruciate ligament, motion tasks
(e.g., jump, hop, gait), and stability. The inclusion criteria were as follows: (1) ACLR subjects were recruited, (2) at least
1 motion task was performed and kinematics data were recorded, and (3) uninjured subjects or the contralateral
uninjured limbs were included as a control group. Exclusion criteria were as follows: (1) non-English language publi-
cations, (2) retrospective studies and review articles, (3) animal studies, and (4) cadaveric studies. Results: The search
returned 2,195 studies, and 56 were included in this review according to the criteria. A total of 1,086 ACLR subjects were
included. Pivoting, landing, walking, running, stair negotiation, and squats were assessed using optoelectronic motion
capture, electrogoniometry, or video-radiography. Conclusions: The appropriate selection of motion tasks is an integral
factor in dynamic stability testing as it evokes different kinematic outcomes in relation to the different stages of ACLR
recovery. Stair negotiation and landing tasks are best performed during the early stages of recovery, and landing and
pivoting are recommended 6 months after ACLR surgery. Level of Evidence: Level II, systematic review of Level I and II
studies.he anterior cruciate ligament (ACL) of the knee isTone of the most commonly injured structures in
athletes.1 Individuals who wish to return to sports or
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However, even with the current advances in ACLR
techniques, some patients present with positive knee
joint laxity test results. In addition, more than a third of
those who receive surgery are unable to return to
preinjury levels of activity despite normal clinical out-
comes.3 Reinjury rate after ACLR is also alarmingly
high with studies reporting up to 19% in 6- to 11-year
follow-up.4 It is also important to note that subsequent
injury to the ACL after reconstruction not only occurs
in the affected knee but also to the contralateral knee
with studies reporting up to 22% incidence within a
10-year follow-up period.2 This implies that altered or
abnormal biomechanics in individuals with ACL deﬁ-
ciency (ACLD) is not contained within the affected
knee joint. Factors other than mechanical joint stability,
or the static stabilizers, play a signiﬁcant role. Clinical
outcome measures have mainly focused on passive
joint instability tests, such as the Lachman and anterior
drawer tests, and subjective self-reported question-
naires,5 which do not correlate well with functionalurgery, Vol 32, No 7 (July), 2016: pp 1453-1465 1453
1454 E. N. CHUA ET AL.outcomes or return to sport at follow-up.6,7 Recovery of
mechanical stability does not ensure functional stabil-
ity.8 Outcome measures must therefore include other
aspects of knee kinematics to properly predict recovery.
Dynamic joint stability is multifactorial and is inﬂu-
enced by several components including static structural
integrity,9 muscle strength,10 neuromuscular adapta-
tion and control,11 joint proprioception,12 compensa-
tory strategies,2 psychological factors such as
apprehension or fear,13 and movement anticipation.14
Impairments in these components have been shown
to exist several months or ever years after receiving
ACLR.15-17 Tests for these individual components have
been used in studies with inconsistent results in terms
of correlation to return to sport or function.
To comprehensively examine dynamic knee stability,
motion tasks must be employed. Passive tests are
insufﬁcient because muscular contractions produce
anterior-posterior gliding or rotation of the tibiofemoral
joint that is not elicited without active movement.18
Kinematic analysis during motion tasks has been used
in healthy patients to assess for risk of injury.19 The
existing literature has also used this as an assessment
tool to measure functional capacity in subjects after
ACLR. However, study parameters and results have
been highly varied.
Despite all the available tests and tools, there is still a
lack of standardized objective measurement to deter-
mine the criteria for return to sport.2 Because dynamic
knee stability is multifactorial, it is relevant to examine
how the different components mesh together. This can
be attained by measuring kinematics during the per-
formance of motion tasks. There is, however, a plethora
of motion tasks with variations even within the same
task reported in the literature. Inconsistencies in these
study results make it difﬁcult to judge which task is best
suited for use in assessment. Therefore, the purpose of
this study was to look at the different motion tasks and
the protocols used to objectively quantify dynamic
stability in terms of knee kinematics at different stages
of ACLR recovery. The hypothesis was that dynamic
stability results would very according to the motion task
selected and that the selection of motion tasks
inﬂuences rotational and translation kinematic out-
comes in relation to patient characteristics, such as
activity level and duration since surgery.
Methodology
A search was conducted on April 2015 in Google
scholar and the Cochrane database to identify system-
atic reviews in the relevant topic. Keywords were
modiﬁed after the initial search to narrow down the
results. The systematic search was then carried out in
June 2015 using OVID search engine in the following
databases: Embase, Cochrane Central Register of
Controlled Trials, Medline, PsychINFO, and AMED. Thekey words used to identify the target population were
“ACL or anterior cruciate ligament” and “injury or
reconstruction or deﬁciency.” These were combined
with an array of functional activities that were identi-
ﬁed during the initial search: “hop or jump or walk or
cut or pivot or run or jog or step or stairs or squat or
balance or lunge or leg raise or knee extension or knee
ﬂexion.” Another set of key terms, “stability or laxity or
kinematics,” were added to restrict the amount of
returns within the relevant issue. Keywords used were
truncated to ensure an exhaustive coverage of relevant
studies. The reference list of relevant reviews and other
articles were also assessed for eligibility.
The articles were assessed based on the inclusion
criteria as follows: (1) subjects recruited had undergone
ACL reconstruction, (2) outcome measures included at
least 1 motion task, (3) tibiofemoral kinematic data
were measured during the performance of the motion
tasks, and (4) uninjured subjects or the contralateral
uninjured limbs were included as a control group.
Motion task was deﬁned as an action that is both
dynamic and active. As such, standing and static lunges
were excluded from this review. The kinematic data
involve rotation or translation along the 6 degrees of
freedom.
The following exclusion criteria were used: (1) arti-
cles not written in English, (2) retrospective studies,
review articles, comments, editorials, and letters, (3)
animal studies, and (4) cadaveric studies. Two inde-
pendent investigators ﬁrst examined the title and ab-
stract to exclude obviously irrelevant studies. The full
text was then retrieved and read, and the eligibility
determined according to the selection criteria for this
review.
The Critical Appraisal Skills Program was used to
evaluate risk for bias. The checklist consists of 11 items.
Each item was given a grade of 1 if the study being
assessed meets the item criterion and 0 if otherwise
(Table 1). Two independent investigators graded the
methodological quality of the included studies, and the
results of the ﬁrst assessor were presented.
Results
The search returned 2,195 articles, of which 56 were
ﬁnally included in this review (Fig 1). A total of 1,086
ACLR subjects were included in this review. Activity
level was extracted, although several studies were not
able to provide information. Follow-up period after
surgery ranged from 3 weeks to more than 7 years.
Twelve studies recruited and measured subjects within
6 months after surgery. One study did not specify the
follow-up period, and the rest were followed up more
than 6 months after reconstruction.20 The measure-
ment devices used to measure the kinematic stability
of the knee during motion tasks were video-radiog-
raphy,21 electrogoniometry,5 and optoelectronic
Table 1. Critical Appraisal Skills Program (CASP) Checklist
Item Number Question
1 Did the study address a clearly focused issue?
2 Was there a comparison with an appropriate
reference standard?
3 Did all the patients get the diagnostic test and
reference standard?
4 Could the results of the test have been
inﬂuenced by the results of the reference
standard?
5 Is the population characteristics clearly
deﬁned?
6 Were the methods for performing the test
described in sufﬁcient detail?
7 Were the results analyzed appropriately?
8 Were the statistical results presented
precisely?
9 Was there an appropriate interpretation of
the results?
10 Can the results be applied to your patients of
interest?
11 Were the results applicable to clinical
practice?
ArƟcles retrieved from iniƟal search: 2195
PotenƟally relevant arƟcles: 382
Excluded by screening of Ɵtles and 
abstracts: 1813
Cadaver/animal study (318)
Healthy subjects (301)
Review arƟcles, abstracts (202)
No moƟon task performed (379)
KinemaƟcs not reported (613)
Relevant arƟcles: 58
Excluded aŌer retrieving full text: 324
ACL reconstrucƟon not done (81)
Healthy subjects (7)
No moƟon task performed (19)
KinemaƟcs not reported (197)
Review arƟcles (20)
Studies included: 56
Repeated study: 2
Fig 1. Search results.
MOTION TASK SELECTION FOR ACLR 1455motion capture systems.22 The parameters widely
differed with regard to reﬂective marker placement,
data capturing timeframe, recording frequency, model
construction, and data analysis or calculation
procedures. Movements recorded were based on
the 6 degrees of freedom with 3 rotational
movementsdﬂexion extension, abduction adduction,
and axial rotationdand 3 translational
movementsdanteroposterior (AP), mediolateral (ML),
and superior-inferior translations.
Pivoting or Cutting Tasks
Aside from 1 study23 that used standing pivot, all
other experiments13 were performed with a prior mo-
tion task immediately preceding the pivoting move-
ment. Stair descent and landing activities were done in
11 studies (Table 2). Walking was done in 1 study,41
whereas 1 study65 did not give details of the task.
Most were performed with a 90 pivot, with 2
studies52,53 using 45 and 1 study23 using 60. The
other 2 studies28,65 did not specify the pivoting angle.
All 14 studies that used pivoting as a motion task
measured tibial rotation. Only 1 study52 reported other
kinematic variables, showing a signiﬁcant difference in
AP translation between ACLR and healthy knees but
not on the other 6 degrees of freedom. Of the 12 studies
that compared tibial rotation in the ACLR knee and
healthy knee, 8 were able to detect a difference be-
tween the 2 groups. One study found a difference be-
tween ACLD and ACLR but not with the control group,
and another found a difference only in the single
bundle group but not the double bundle group.41,50 The
remaining 2 studies reported a correlation between
posterior cruciate ligament index and tibial rotation inthe ACLR knee and a correlation between passive knee
laxity and tibial rotation.65,74,75
Stair or Elevated Step Negotiation
Five of the included studies looked at stair negotia-
tion. Kinematic measurement was taken on ﬂexion
extension, tibial rotation, and AP translation. Two
studies were performed on ﬂexion extension and
showed different resultsdstair descent showed a dif-
ference between ACLR and the contralateral knee
whereas stair ascent did not.49,59 The other studies were
not able to show signiﬁcant differences with the healthy
knee. One study, however, was able to distinguish AP
translation between ACLR knees and ACLD. Both
experiments that were able to detect differences were
performed with 40- or 46-cm platforms.
Landing
Nineteen articles used motion tasks that result in
high-impact landing, such as the single leg hop,
counter-movement jump, and drop landing from a
platform. Unilateral landing was performed in
15 studies, and bilateral landing was done in 6 studies.
Most14 measured ﬂexion extension. Abduction adduc-
tion,5 tibial rotation,6 AP,3 and ML2 translations were
also recorded in some studies. Flexion extension dif-
ferences between ACLR and healthy knees were
observed in 11 studies, 1 of which only saw the dif-
ference at the 5th month follow-up but not on the 12th
month. In abduction-adduction kinematic measures,
only 1 study31 of the 4 that tested it was able to
discriminate ACLR knee from healthy knees. This was
also the only study that used diagonal hop whereas the
rest used either horizontal or vertical hop. One study20
on frontal plane kinematics reported a difference
between subjects who suffered a second ACL rupture
after ACLR and those who did not, showing a predictive
Table 2. Study Results
Author (yr)
Level of
Evidence
(CASP*)
Subject Characteristics
No. (male:female) age
Follow-up,
mo Device Category Motion Task Knee Kinematicsy
Antolic et al. (1999)24 II (7) 25 ACLR (11:14) 26
25 control (18:7) 25
6-12 OMC Landing SL drop: 20 cm FE: ACLR and
contralateral
ACLR and control
Bacchini et al. (2009)25 II (3) 8 ACLR (8:0) 28.3 6.5 OMC Walking Level walking FE: ACLR and
contralateral
Chouliaras et al. (2007)26 II (7) 11 STG (11:0) 27
11 BPTB (11:0) 28
11 control (11:0) 29
9
12
OMC Pivot/cut Stair descent 90 pivot:
3 steps down
TR: ACLR and
contralateral
ACLR and control
Chouliaras et al. (2009)27 II (7) 11 ACLR (11:0) 27 9 OMC Pivot/cut Drop 90 pivot: 40 cm TR: ACLR and
contralateral
Claes et al. (2011)28 I (4) 8 SB (5:3) 34.7
8 DB (5:3) 30.6
10 control (NR)
6 OMC Stairs/step
Walking
Pivot/cut
Level walking
Step descent: 25 cm
Step descent pivot
TR: NS
Coury et al. (2006)29 II (3) 5 ACLR (5:0) 32
10 control (10:0) 21.5
9 (pre
training)
12 (post
training)
EG Walking Level walking AA: pre and post in
ACLR
Decker et al. (2002)30 II (7) 11 ACLR (NR) 27.3
11 control (NR) 26.9
>12 OMC Landing Drop 60 cm box FE: NS
Delahunt et al. (2012)31 II (5) 13 ACLR (0:13) 23.7
16 control (0:16) 20.8
52.8 OMC Landing SLH diagonal: nontest
to test leg
FE, AA: ACLR and
control
Deneweth et al. (2010)32 I (6) 9 ACLR (6:3) 28.8 4.4 DSR Landing SLH: 30 cm distance
over 4 cm obstacle
FE, TR, AP, ML: ACLR
and contralateral
Devita et al. (1997)33 II (7) 9 ACLR (6:3) 21.9
10 control (5:5) 20.9
0.7, 1.2 OMC Walking Level walking FE: ACLR and control
both time points
Di Stasi et al. (2013)34 II (8) 42 ACLR (30:12) 29.3 6 OMC Walking Level walking FE: ACLR and
contralateral
Ferber et al. (2001)35 I (4) 10 ACLR (5:5) 27.7
10 control (5:5) 24.4
3 OMC Walking Level walking FE: ACLR and control
Georgoulis et al. (2003)36 II (6) 21 ACLR (19:2) 25
13 ACLD (10:3) 26
10 control (8:2) 24.7
7 OMC Walking Level walking TR: ACLD and ACLR
Georgoulis et al. (2007)37 II (6) 11 ACLR (11:0) 26
11 control (11:0) 29
9 OMC Pivot/cut Stair descent 90 pivot TR: ACLR and
contralateral
ACLR and control
Giotis et al. (2013)38 II (7) 20 ACLR (20:0) 27.1 26 OMC Pivot/cut Stair descent 90 pivot
Drop 90 pivot: 40 cm
box
TR: ACLR and
contralateral
Gokeler et al. (2003)39 II (6) 14 ACLR (7:7) 24 >5 OMC Walking Level walking FE: ACLR and control
Hartigan et al. (2009)40 I (7) 19 ACLR (13:6) 28 6 OMC Walking Level walking FE: 2 ACLR treatment
groups
Strength ACLR and
contralateral
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Table 2. Continued
Author (yr)
Level of
Evidence
(CASP*)
Subject Characteristics
No. (male:female) age
Follow-up,
mo Device Category Motion Task Knee Kinematicsy
Hemmerich et al. (2011)41 I (5) 11 SB (7:4) 32.1
11 DB (11:0) 25.9
11 control (8:3) 29.5
3.6
5.8
OMC Pivot/cut Walk 90 pivot: 3m walk
Walk 90 cut: 3m walk
TR: SB and control
SB and DB
Higuchi et al. (2002)8 I (4) 49 ACLR (21:28) 24.2 24 EG Knee ext Knee extension AP: ACLR and ACLD
Hofbauer et al. (2014)42 I (7) 14 ACLR (10:4) 30.2 5, 12 DSR Landing SLH: distance of half leg
length over 4 cm tall
obstacle
FE, ML, TR: 5 mo:
ACLR and
contralateral
TR: 12 mo: ACLR and
contralateral
Holsgaard-Larsen et al.
(2014)43
II (6) 23 ACLR (23:0) 27.2
25 control (25:0) 27.2
26.5 OMC Landing CMJ
SL CMJ
FE: ACLR and control
(ratio between limbs)
Hoshino et al. (2013)44 II (7) 7 SB (2:5) 28
10 DB (5:5) 36
14
13
DSR Jog/run Running: 10 downhill
2.5 m/s
TR, AP: ACLR and
contralateral
Isaac et al. (2005)45 I (7) 16 ACLR (9:7) 31.5
6 control (4:2) 29.5
4.4 DSR Stairs/step
Knee ext
Knee ext: supine
Step up: 46 cm
AP: ACLR and ACLD
Kanisawa et al. (2003)46 II (7) 11 ACLR (9:2) 27.3 18.7 DSR Stairs/step Step up and down:
25 cm
TR: NS
Karimi et al. (2013)47 II (4) 15 ACLR (NR) 33
15 control (NR) 33
6 OMC Walking Level walking AA: ACLR and control
Knoll et al. (2004)48 I (6) 21 ACLR (18:7) 30, 40
51 control (31:20) 31.7
1.4, 4, 8, 12 OMC Walking Level walking FE, AP: 6 wk ACLR
and ACLD
Kowalk et al. (1997)49 I (7) 7 ACLR (5:2) 18-38
10 control (6:4) 22-40
6 OMC Stairs/step Stair ascent FE: NS
Lam et al. (2011)50 I (6) 10 ACLR (10:0) 27.2 10.3 OMC Pivot/cut Jump 90 pivot: 40 cm
box
TR: ACLR and ACLD
Lewek et al. (2002)51 II (7) 8 strong-ACLR (5:3) 21.4
10 weak-ACLR (4:6) 25
10 ACLD (6:4) 28.1
10 control (8:2) 32.2
3.3
4.8
OMC Jog/run
Walking
Level walking
Jogging
FE: WEAK and control
in walking
Miranda et al. (2013)52 II (7) 10 ACLR (4:6) 27
10 control (5:5) 25.2
at least 60 OMC
DSR
Pivot/cut SLH 45 cut: 1 m
distance
AP: ACLR and control
Misonoo et al. (2012)53 II (7) 22 SB (11:11) 22
22 DB (11:11) 22
22 control (11:11) 21
12.3
12.4
OMC Pivot/cut SLH 45 cut: 30 cm box TR: ACLR and control
ACLR and contralateral
Nyland et al. (2010)54 II (8) 70 ACLR (35: 35) NR M: 67.2
F: 61.2
OMC Landing SL CMJ: max height FE: NS
Oberlander et al. (2014)55 I (6) 18 ACLD/R (18:0) 26
12 control (12:0) 25
6
12
OMC Landing SLH: distance of 0.75 
body height
TR, AP: 6 mo: ACLR
and contralateral
12 mo: ACLR and
contralateral
Orishimo et al. (2010)56 II (7) 13 ACLR (9:4) 33 4-12 OMC Landing SLH max distance FE: ACLR and
contralateral
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Table 2. Continued
Author (yr)
Level of
Evidence
(CASP*)
Subject Characteristics
No. (male:female) age
Follow-up,
mo Device Category Motion Task Knee Kinematicsy
Ortiz et al. (2008)57 II (7) 14 ACLR (0:14) 25.4
15 control (0:15) 24.6
86.4 OMC Landing SL CMJ drop: 40 cm
box
Up-down hop: 20 cm
platform
NS
Ortiz et al. (2014)58 II (7) 14 STG (0:14) 28.5
16 control (0:16) 27.7
12 to 60 OMC Landing SL CMJ: drop 40 cm
box then SL CMJ
CMJ: drop 60 cm box
then CMJ
AA: NS
Paterno et al. (2010)20 II (6) 56 ACLR (21:35) 16.4 “Recent” not
speciﬁed
OMC Landing Drop CMJ: 31 cm box AA: 1st ACLR and 2nd
ACLR
Pfeifer et al. (1999)59 II (6) 39 ACLR (22:17) 33.3
20 Control (12:8) 29.4
13.54 EG Stairs/step
Landing
Step descent: 40 cm box
SL drop: 17 cm box
SLH: max height,
continuous
FE: ACLR and
contralateral
Ristanis et al. (2003)60 II (4) 20 ACLR (20:0) 28
15 control (15:0) 28
12 OMC Pivot/cut Stair descent 90 pivot TR: ACLR and control
ACLR and contralateral
Ristanis et al. (2009)61 II (6) 10 10-o’clock (NR) 30
10 11-o’clock (NR) 28
10 Control (NR) 29
24 OMC Pivot/cut Stair descent 90 pivot
Land 90 pivot: 40 cm
box
TR: ACLR and control
ACLR and contralateral
Roos et al. (2014)62 II (7) 21 ACLD (18:3) 32
23 ACLR (19:4) 28
20 control (11:9) 29
7-36 OMC Landing SLH: max distance FE: ACLR and control
ACLR and ACLD
Rudroff (2003)63 II (4) 15 BPTB (15:0) 32.6
15 STG (15:0) 29.1
10 control (10:0) 31.1
24 EG Landing Drop: 26 cm
SLH: max height
FE: ACLR and intact in
drop
BPTB and intact in SLH
Salem et al. (2003)64 II (5) 8 ACLR (7:1) 27.9 7 OMC Squat Squats: 35% body
weight load
FE: NS
Sato et al. (2013)65 II (6) 7 ACLR (3:4) 21.3 14.3 OMC Pivot/cut
Walking
Jog/run
Landing
Level walking
Running
Drop: 30 cm box
Side step cutting
TR: Correlation with
side-to-side anterior
tibial translation in
cutting
Scanlan et al. (2014)66 II (7) 29 ACLR (16:13) 28.7 27 OMC Walking
Knee ext
Level walking
Seated knee extension
FE: ACLR and
contralateral in
walking
ACLR and contralateral
in seated knee
extension
Snyder-Mackler et al.
(1991)67
II (5) 10 ACLR (6:4) 18-28 1.8 OMC Walking Level walking FE: Exercise and NMES
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Table 2. Continued
Author (yr)
Level of
Evidence
(CASP*)
Subject Characteristics
No. (male:female) age
Follow-up,
mo Device Category Motion Task Knee Kinematicsy
Tagesson et al. (2010)68 I (8) 19 ACLR (11:8) 21 1.2 EG Squat
Walking
Knee ext
Seated knee extension
Squat
SL squat
Level walking
AP: ACLR and ACLD in
knee extension
ACLR and ACLD in SL
squat
ACLR and ACLD in
squat
Tashman et al. (2004)69 I (7) 6 ACLR (2:4) 39.7 5.83 DSR Jog/run Jogging: downhill 10
slope 2.5 m/s
AA, TR: ACLR and
contralateral
Tashman et al. (2007)22 I (7) 16 ACLR (10:6) 35 5, 12 DSR Jog/run Jogging: downhill 10
slope 2.5 m/s
AA, TR: ACLR and
contralateral
Tsai et al. (2012)70 II (6) 10 ACLR (0:10) 25.3
10 control (0:10) 24.9
>6 OMC Landing SL CMJ from 25 cm box FE: ACLR and control
Tsarouhas et al. (2010)23 II (6) 12 SB (12:0) 26
10 DB (10:0) 29
10 ACLD (10:0) 26.7
12 control (12:0) 28
15
12.2
OMC Pivot/cut Standing 60 pivot TR: NS
Wang et al. (2013)71 II (6) 12 TT (7:5) 32.8
12 AMP (7:5) 29.6
20 control (15:5) 26.3
17.1
8.8
OMC Walking Level walking FE: AMP and control
TR: TT and control
AP: TT and control
TT and AMP
SI: ACLR and control
Webster et al. (2004)72 II (5) 8 ACLR (5:3) 25 7.5 OMC Landing SL drop: 15 cm box FE: NS
Webster et al. (2004)73 II (7) 10 HT (9:1) 26.7
10 BPTB (9:1) 24.3
11
12.1
OMC Landing SLH: distance leg length
SL drop: 15 cm box
FE: BPTB and
contralateral
Zampeli et al. (2014)74 II (7) 16 BPTB (16:0) 28.1
16 control (16:0) 31
18.1 OMC Pivot/cut Stair descent 90 pivot
Drop 90 pivot: 40 cm
box
TR: Correlation with
PCL index in ACLR
AA, abduction-adduction; ACLD, anterior cruciate ligament deﬁciency; ACLR, anterior cruciate ligament reconstruction; AMP, anteromedial portal; AP, anterior-posterior translation; BPTB,
boneepatellar tendonebone graft; CASP, Critical Appraisal Skill Program; CMJ, counter-movement jump; DB, double bundle; DSR, dynamic stereo-radiography; EG, electrogoniometry; FE,
ﬂexion extension; HT, hamstring tendon; Knee ext, knee extension; ML, mediolateral translation; NMES, neuromuscular electrical stimulation; NR, not reported; NS, not signiﬁcant; OMC,
optical motion capture; PCL, posterior cruciate ligament; SB, single bundle; SI, superior-inferior translation; SL, single leg; SLH, single leg hop; STG, semitendinosus-gracilis graft; TR, tibial
rotation; TT, transtibial.
*CASP used is an 11-item checklist. A point is given for each “yes.”
yKnee kinematics is listed if signiﬁcant differences are observed.
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1460 E. N. CHUA ET AL.relationship between frontal plane kinematics and risk
of reinjury. Tibial rotation was evaluated in 6 studies,
with only half of those showing differences between
ACLR and healthy knees. AP translation was measured
in 3 studies, two32,55 of which detected a difference.
Lastly, ML translation was seen in both studies that
measured it. Only the landing task was able to elicit an
observable change in ML translation when comparing
the ACLR knee with healthy knees.
Walking
Twelve of seventeen studies measured ﬂexion
extension differences between ACLR knees and healthy
knees. Of these, two36,47 were not able to detect dif-
ference, 1 study40 saw changes in a training group for
perturbation but not for strength training, 1 study71
observed a difference only in the anteromedial portal
group but not on the transtibial group, and 1 study51
saw changes only on the ACLR subjects with weak
musculature and not on those with strong musculature.
Abduction adduction differences were measured in 4
studies. Two of 3 studies were unable to detect differ-
ences with the uninjured knee, and 1 article29 observed
differences in pre- and posttraining results. Five studies
looked at tibial rotation. One study36 was able to
discern ACLR knee from preoperative ACLD, and one71
saw a difference only on the transtibial ACLR group
compared with controls and not on the anteromedial
portal group. Sato et al.65 tested the correlation be-
tween side-to-side AP laxity tests and tibial rotation
during gait; no signiﬁcant difference was observed
however. Two other studies compared the ACLR knee
with the contralateral knee and healthy subjects.
Neither saw a difference when compared with the
contralateral, but the study by Karimi et al.47 was able
to detect a difference with a healthy control group as
opposed to the contralateral. AP translation was
observed in 3 studies with varying results. Only 1
study71 tested for ML translation in gait and was not
able to detect a difference with the healthy control.
Proximal-distal movement was measured in only 1
study with results showing a signiﬁcant difference
between ACLR knees and uninjured controls.71 No
other study measured proximal-distal movement with
any other motion tasks.
Jog or Run
Jogging or running was employed in 5 studies. Three
studies applied a 10 downward slope at a preselected
2.5 m/s speed.22,44,69 Self-selected speed at level ground
was done in 1 study,51 and the remaining study did not
provide details.65 Over half of the studies performed the
kinematic measurements within 6 months after sur-
gery. None of the studies were able to detect differences
between ACLR knees and uninjured knees in ﬂexion
extension (3 studies22,51,69) and ML translation (2studies22,69). Differences between ACLR knees and
uninjured contralateral knees were consistently seen in
abduction adduction (2 studies22,69) and tibial rotation
(3 studies22,44,69). AP translation was the only motion
that had contradicting results. In contrast with 1 study,
2 independent studies22,69 from the same author did
not see a signiﬁcant difference between ACLR knees
and uninjured knees.
Squatting and Active NoneWeight-Bearing Knee
Extension
There were only 2 studies that looked at squat-
ting.64,68 One study64 measured only ﬂexion extension
and did not ﬁnd a signiﬁcant difference between the
ALCR knees and the uninjured contralateral knees. The
other study68 observed AP translation and also was not
able to detect a difference between the ACLR knee and
the uninjured contralateral. Four studies did active
knee extension. Scanlan et al.66 observed a difference
in active knee extension between ACLR and the
contralateral knee. The 3 other studies saw a difference
in AP translation when comparing the ACLR knee pre-
and postsurgery but not when comparing it with the
contralateral uninjured knee. The results in the squat-
ting and knee extension are consistent with each other
in measuring AP translation.
Discussion
The objective of this review was to examine the
different motion tasks and protocols used to measure
dynamic stability in terms of kinematics in ACLR knees.
We conﬁrm our hypothesis that motion task selection
inﬂuences dynamic stability in terms of knee kine-
matics in relation to patient characteristics. In looking
for a good motion task that would be able to assess
ACLR joint stability, several factors are considered:
(1) sensitivity of the kinematic analysis done with the
motion task to detect impaired from the uninjured
knee, (2) degree of standardization, (3) safety and ease
of use, (4) implications to recovery, return to sport, and
risk of reinjury. It is also important to consider the stage
of recovery at which a speciﬁc motion task is best
employed (Table 3). Gait, squatting, and noneweight-
bearing knee extension are not sufﬁcient for kine-
matic analysis of knee stability. Stair negotiation with at
least a 40-cm-high step is appropriate in the earlier
stage of ACLR recovery due to its safety and ease of
application. Landing tasks are able to discern kinematic
differences in more degrees of freedom and is therefore
recommended to those who are able to perform it
during the early stage. Jogging reveals consistent results
and may be easier to standardize, but the task requires a
larger space to perform. Lastly, pivoting tasks are
effective in eliciting observable kinematic differences in
the later stages of ACLR recovery, particularly 6 months
after the surgery. Standardization of motion tasks is
Table 3. Key Points
Motion Task Recommended Application Pros and Cons
Stair negotiation Less than 6 mo after surgery Safe and easy to perform
Landing Less than 6 mo after surgery Difﬁcult to standardize
Jogging Less than 6 mo after surgery Consistent results but less practical
Pivoting At least 6 mo after surgery Difﬁcult to standardize
Gait Insufﬁcient for assessment
Squat Insufﬁcient for assessment
Knee extension Insufﬁcient for assessment
MOTION TASK SELECTION FOR ACLR 1461difﬁcult as the interplay of several physiological and
biomechanical factors introduces a high degree of
variability. The same protocol may be performed
differently by the same subject. Therefore, proper and
consistent instructions must be provided by trained
assessors.
Assessment of laxity and dynamic stability should be
differentiated.76 Joint integrity measured passively does
not reﬂect kinematic activity during the performance of
functional tasks. Furthermore, static laxity has been
shown to have poor correlation with functional out-
comes.22 Laxity measures assess only the structural
integrity surrounding the joint. It fails to take into
consideration other factors associated with joint stabil-
ity during active motion such as neuromuscular
control, proprioceptive inputs, and psychological fac-
tors. Hence, we look at kinematics as a more holistic
approach to the measurement of joint stability. This is,
however, not without problems as knee kinematics
may be task speciﬁc and may therefore be difﬁcult to
generalize.22
Marker placements for optoelectronic motion capture
used in the studies are varied. This lack of standardi-
zation may result in errors or differences in the study
results since marker placement can affect accuracy.77,78
It has also been shown that despite its repeatability, this
method may not accurately portray true joint kine-
matics as compared with radiographic techniques due
to soft tissue movement and crosstalk.77,79 This is
similar to measurements taken with goniometry with
the additional problem of device slippage.80 However,
even with the error, these methods have been shown to
be reliable when measuring sagittal plane kine-
matics.80,81 No discrepancy is immediately evident in
the data gathered in this review when comparing re-
sults taken from each method, including the gold
standard of ﬂuoroscopy.
The only studies that saw kinematic differences in
stair negotiation were performed using a platform at
least 40 cm high.45,59 Stair negotiation may be a good
candidate for assessment due to its ease of execution
and safety for patients as early as 4 months after surgery
if the step height is elevated to at least 40 cm. However,
there is currently not enough evidence that the task is
able to elicit enough tibial rotation or frontal plane
rotation to be measured sensitively. Furthermore, thesmall number of studies and the variation in the kine-
matic movements observed make it difﬁcult to recom-
mend this task if other options are available.
Three of the studies that did not garner any signiﬁcant
kinematic differences in landing tasks may be explained
by subject selection as they have the longest time period
after surgery.54,57,58 This also holds true in tibial rota-
tion during landing tasks as the only studies that were
able to detect a difference between ACLR knee and
healthy knees are those that had a postsurgery time
that is within 1 year. When comparing with uninjured
knees, adduction abduction changes are seen only on
diagonal hopping31 because there is more lateral
motion involved compared with vertical or horizontal
jumping. Current available evidence suggests that
landing tasks may be sufﬁcient to discriminate ACLR
from uninjured knees. Landing tasks mainly involve
single leg hop for distance or height, jumping from a
platform, and countermovement jump or hop. Aside
from the diagonal hop, there is no clear advantage of
one landing parameter over the other. Although uni-
lateral landing was more frequently used, there is no
clear advantage of unilateral landing compared with
bilateral landing. It should be noted that these experi-
ments excluded ACLR subjects who were unable to
perform the landing task up to a deﬁned standard,
introducing bias to the studies. One of the main prob-
lems with landing tasks is the degree of variability in
landing strategies. Tsai and Powers82 have shown that
instructing subjects to alter their landing mechanics by
purposefully increasing hip and knee ﬂexion during
landing affects movement in the other planes. This
implies that ﬂexion extension measurement should be
taken into consideration when measuring the other
kinematic variables such as translation and abduction.
Increased valgus during landing tasks has been linked
to ACL reinjury to either limb after ACL reconstruc-
tion.20 Although only 1 study measured this outcome, it
shows the potential and importance of using kinematic
measures of dynamic stability as a clinical assessment
tool.
Pivoting or cutting tests are commonly performed
immediately after stair descent or a landing task.
This activity is more frequently studied compared with
the previous 2 because it mimics the high-demand
activity commonly seen in sports. The rotational
1462 E. N. CHUA ET AL.component in this task is also a common mechanism
of ACL injury.83 The studies that were unable to
detect differences between ACLR knees and healthy
knees in the pivoting tasks involved less demanding
protocols compared with the other experiments. In
1 study, subjects were asked to pivot from a standing
position as opposed to most studies where another
motion task preceded the pivot.23 The other 2 studies
that did not see signiﬁcant differences were
performed within 6 months after reconstruction,
whereas all other studies were performed at least
9 months after. This may explain the results since
guarding, which leads to less joint motion or stiffness,
is more likely to be present in the earlier stages of
recovery.
Gait parameters used in the included studies were
highly varied. Measurements were taken at different
time points throughout the gait cycle. This makes
generalization and comparison difﬁcult. However, a
trend toward a signiﬁcant difference between ACLR
knees and uninjured knees can be seen in ﬂexion
extension angles. Comparison group also vary with
some using the contralateral knee and others recruit-
ing healthy subjects. This may contribute to the dif-
ferences in results as the contralateral uninjured knee
may have undergone compensatory changes after an
ACL injury.34 This pattern is further observed in a
study by Karimi et al. and may also be relevant in
other motion tasks.28,47 Flexion angles may be
affected by adaptation to a movement pattern due to a
previous aversion to pain or anxiety and fear for
reinjury.
On the other hand, jogging or running showed sur-
prisingly low variability in ﬂexion extension and is
similar to uninjured subjects. This implies that
compensatory strategies are not as evident compared
with other motion tasks. Sagittal axis rotation and axial
rotation are consistently different between ACLR knees
and uninjured knees in downhill jogging. This task
places less demand on the knees compared with piv-
oting and landing and may therefore be appropriate as
an evaluation procedure as early as 5 months after
surgery. Squatting and noneweight-bearing knee
extension have not been extensively studied, and the
current available literature shows no evidence that it is
a suitable assessment method.
Limitations
Publication bias may be present because studies that
have positive results are more likely to be published.
Selection bias is also evident as discussed with the
landing tasks. Data reporting is incomplete as many
studies did not assess activity level, which may have
revealed additional relevant information on synthesiz-
ing the results. In several studies, although the methods
stated measuring the 6 degrees of freedom, not all werereported. It is not possible to tell if these other param-
eters were either not recorded or not reported for due
to negative ﬁndings.
Conclusions
The appropriate selection of motion tasks is an inte-
gral factor in dynamic stability testing as it evokes
different kinematic outcomes in relation to the different
stages of ACLR recovery. Stair negotiation and landing
tasks are best performed during the early stages of re-
covery, and landing and pivoting are recommended
6 months after ACLR surgery.
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